Electromagnetic nucleon form factors in instant and point form 
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We present a study of the electromagnetic structure of the nucleons with constituent quark mod- 
els in the framework of relativistic quantum mechanics. In particular, we address the construction 
of spectator-model currents in the instant and point forms. Corresponding results for the elastic 
nucleon electromagnetic form factors as well as charge radii and magnetic moments are presented. 
We also compare results obtained by different realistic nucleon wave functions stemming from alter- 
native constituent quark models. Finally, we discuss the theoretical uncertainties that reside in the 
construction of spectator-model transition operators. 
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I. INTRODUCTION 

A promising approach to the nucleon electromag- 
netic (EM) structure at low and moderate momentum 
transfers consists in employing constituent quark models 
(CQMs) in the framework of relativistic quantum me- 
chanics (RQM). Different forms of RQM, such as the in- 
stant, front, and point forms, have been used by various 
authors (e.g., in Refs. 0, S 0, i, 0). Realistic descrip- 
tions of the EM nucleon form factors were specifically ob- 
tained with the Goldstone-boson-exchange (GBE) CQM. 
Working within the point form, the electric and magnetic 
form factors of both the proton and the neutron were de- 
scribed in surprisingly good agreement with experimental 
data d, 0] ■ Similarly, the electric radii and magnetic mo- 
ments of all the octet and decuplet baryon ground states 
were reproduced as well Q . By an analogous calculation 
also the axial nucleon form factors could be explained 
consistently Q . Until now, it remains as a puzzle why the 
direct quark-model predictions in point form fall so close 
to experiment in all aspects of the electroweak nucleon 
structure, especially since simplified spectator-model cur- 
rent operators have been employed and no additional 
parametrizations have been introduced. It is noteworthy 
that the point-form results are also very similar to the 
parameter-free predictions of the instanton-induced (II) 
CQM of the Bonn group that were calculated in a com- 
pletely different approach along the Bethe-Salpeter for- 
malism 3] . The quality of the reproduction of the baryon 
EM properties gave impulse to studies of strong decays 
of baryon resonances along the same formalisms. How- 
ever, the correspon ding decay widths are not described 
equally well [H [Q, M HE 0, El • 

In order to clarify the situation we undertook a closer 
inspection of the point-form spectator model (PFSM) 
in Ref. We demonstrated along the strong decay 

widths that some significant effects may be caused by am- 
biguities connected to the fact that a unique spectator- 
model construction cannot be obtained by imposing 
Poincare invariance alone. It was already observed be- 
fore that further constraints should be included [l6|, [ijj • 



This property is inherent to any form of RQM and in this 
paper we specifically discuss the effects of such ambigui- 
ties in the instant form spectator model (IFSM) and the 
PFSM. 

We address the proton and neutron electromagnetic 
form factors at momentum transfers up to Q 2 = 4 
GeV 2 . First we introduce the construction of instant- 
form and point-form spectator-model currents and char- 
acterize their particular properties. We then derive their 
nonrelativistic limits and show that both, IFSM and 
PFSM, lead to the same result, namely, the well-known 
nonrelativistic impulse approximation (NRIA). We pro- 
vide a comparison of the IFSM, PFSM and NRIA predic- 
tions of the GBE CQM [l8|. Subsequently, we examine 
the effects from different realistic CQMs relying on dis- 
tinct quark-quark dynamics. In particular, we discuss 
the PFSM results by the GBE CQM in relation to the 
ones of a one-gluon-exchange (OGE) CQM, namely the 
relativistic version of the Bhaduri-Cohler-Nogami (BCN) 
CQM [l9[ as parametrized in Ref. [2(| • In this context a 
comparison is made also with the form-factor results re- 
ported from the II CQM by the Bonn group Finally, 
in line with Refs. [l6l.[l7|. we discuss how additional con- 
straints like charge normalization and time-reversal in- 
variance can be exploited to reduce as much as possi- 
ble some remaining ambiguities in the present form of 
the spectator-model constructions. We end the paper in 
Sect. ITVl with a summary and conclusion. 



II. ELECTROMAGNETIC CURRENT 

In RQM the nucleon states are expressed as eigenstates 
\P, J, E) of the interacting mass operator 



M = M free + Mi, 



(1) 



the intrinsic spin operator J, and its z-component E (the 
letters without hat denoting the corresponding eigenval- 
ues). The covariant normalization of these states is 



(P', J', E'|P, J, E) = 2P S 3 [P - P') SjjtSxx 



(2) 



2 



The mass operator M is connected to the four- 
momentum operator P and the four-velocity operator V 
by the relations 



where 



P^Pu 



M 



(3) 



(4) 



Because of the commutation relations among these op- 
erators the nucleon eigenstates with mass M can equiv- 
alently be denoted as \V, M, J, E). In this notation the 
elastic transition amplitude between the incoming and 
outgoing nucleon eigenstates is given by the following 
matrix element of the reduced electromagnetic current 
operator 



(Q 2 



V',M,±,E' 



J' 1 



(5) 



where Q 2 = (P 1 ^ — P^) 2 is the momentum transfer by the 
virtual photon. In the Breit frame, the nucleon electric 
and magnetic Sachs form factors, Ge (Q 2 ) and Gm (Q 2 )> 
are related to the transition amplitude F£, e by 

F°, >E (Q 2 ) = 2MG E (Q 2 )5 S , S (6) 
(Q 2 ) = iQG M (0 2 ) (<? x e z ) Xs , (7) 

where S',S = ±i are the projections of the nucleon spin 
a along the direction e z of the z-axis and x ar e the cor- 
responding Pauli spinors. The form factors also lead di- 
rectly to the magnetic moments 



M = G M (Q 2 = 0) 



and the charge radii 



' ch 



= -6 



dG* 



d(Q 2 ) 



(8) 



(9) 



Q 2 =0 



The electric and magnetic form factors in Eqs. (J6j) 
and ([7]) are Poincare invariant, since both the mass- 
operator eigenstates and the electromagnetic current op- 
erator transform under the Poincare group. Depending 
on the particular form of RQM (instant, front, or point 
forms) certain generators of the Poincare transformations 
become interaction dependent while the other ones be- 
long to the kinematical subgroup. 

It is still rather difficult to employ the full (many- 
body) structure of the current operator and thus one 
adheres to simplifications. The common form consists 
in the so-called spectator approximation. The definition 
of a spectator-model current operator is generally not 
unique and requires additional constraints. In particu- 
lar, the spectator-model construction has to be covari- 
ant under the transformations of the kinematic subgroup 
of the particular form of RQM and it must guarantee 
for time-reversal invariance. Further it should reduce to 



a sum of genuine single-particle currents in the limit of 
vanishing interaction among the constituent quarks and 
yield the charge of the proton for the electric form factor 
approaching momentum transfer Q 2 — 0. In addition, 
the construction should lead to a proper nonrelativistic 
limit. 



A. Instant-Form Spectator Model 

In the instant form the spatial translations and rota- 
tions form the kinematic subgroup, whereas the boosts 
become interaction dependent. 

In the explicit calculations of the matrix elements ([5]) 
one requires momentum eigenstates of the free three- 
quark system \pi,P2,P3', &i, 02, 03) defined as tensor 
products of single-particle momentum eigenstates \pn Oi) . 
In any reference frame with total three-momentum P = 
^2- pi they can also be expressed as 



\P;ki,k 2: k 3 ;(j, 1 ,(j,2,fJ,3 / 
YJ\ m ^ i R w [h;B(v)]}\ Pl 

&i i 

(10) 

wherein the Wigner rotations depend on the free four 
velocity 



free 



(11) 



The momenta ki are connected to the momenta pi by the 
Boost relations pi = B(v)ki and they fulfill the constraint 
X^i ki = 0. The individual quark energies are given by 

u>i = \J m 2 + kf . The \n correspond to the individual 
quark spins in the rest frame of the three-quark system. 
The free momentum eigenstates of Eq. (fTO)) have the fol- 
lowing completeness relation 



l = J2f d3 P d3 k2d 3 k 3 



1 



Ef Iee 2uji2uj 2 2uj 3 



x \P;ki,k2,k 3 ; Hi, fJ.2, M3/ (P;ki,k2,k 3 ; Hi, H2, H3 



(12) 

They are well suited for instant-form calculations because 
here the three-momentum P is not affected by interac- 
tions. Representing the nucleon states with this basis 
allows to separate the internal motion according to 



\P'l k[, k 2 , k' 3 ; Hi, H21 H 3 \P, J-! ^ 



'2wj2w£2a;S x3 



£4 



aKee^ f^.r 3 ^ [P'-P) *MiE ( *ij Hi , 



(13) 
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where E' hee and E are the eigenvalues of the zeroth com- 
ponents of the free and interacting four-momenta -P/ r ec 
and P^, respectively. The wave function $ M i s (kiifiij 

is just the rest-frame wave function of the nucleon. It is 
normalized to unity 



E 



, (kf,^ * M i E (ki;/J-ij 



= 6- 



EE' 



(14) 



in accordance with the normalization condition of the 
nucleon eigenstates in Eq. @. 



The transition amplitude ([3]) in instant form can then 
be expressed as 



t,y;(Q 2 ) = 2^eFYY ( d 3 k 2 d 3 k 3 d 3 k' 2 d% , 1 J - ^ J - J^jl , 

*; f i S - (^)rK^ («')]} 

(Pl>P2>P3;°lJ a 2! 3l ^rd |Pl.P2,P3; (Tl, (72,0-3) JJ-DliW {^W [Ai! 5 («)]}* Af i 2 , (15) 



The spectator model of the current operator in instant 
form (the IFSM) is then defined as 

{v'^y^v'^ '^ ^ '^ ^rd.iFSM |pi>P2,P3;0i, 0-2,0-3) = 

3eiM (pi, a' x ) 7 M u (pi, 01) 

2p 20 <5 3 (p 2 - A) 2P30-5 3 (P3 - <W^<W^ • (16) 

As a consequence of the very properties of the instant 
form (with the three-momenta as generators of spatial 
translations lying in the kinematic subgroup) the mo- 
menta of the struck quark in the incoming and outgoing 
nucleon are related by 

Pio - p'w = Qo 
Pi- A = Q. (17) 

This means that the whole three-momentum carried by 
the virtual photon is transferred to the quark 1, while 
only a part of the photon energy is absorbed by a single 
quark, i.e. qo ^ Qo- Clearly, q is uniquely determined 
by overall momentum conservation and the two spectator 
conditions. We shall see below that in the point form the 
spectator-model construction leads to a different relation 
between p\ and p[ , as the momenta no longer lie in the 
kinematic subgroup. 

The construction (fl"6|) is usually adopted in the Breit 
frame. When transformed to a different reference frame, 
it does not preserve its spectator-model structure but 
acquires additional many-body contributions. Thus, in 
general, the IFSM current should not be viewed as a one- 
body operator. Furthermore a spectator-model construc- 
tion made in another reference frame defines a different 
spectator-model current. As a result the calculation done 



with an IFSM current defined in the Breit frame leads to 
a different result than the calculation performed with an 
IFSM current defined in the laboratory frame, say. In 
this sense the IFSM, while always yielding Poincare in- 
variant results, bears an ambiguity in the construction, 
as it is per sc frame dependent. If one imposes time- 
reversal invariance on the IFSM, one necessarily has to 
resort to the Breit frame. In all other reference frames 
additional many-body contributions would be needed to 
guarantee for time-reversal invariance. 

Eq. (fT5| exhibits all the effects of the Lorentz boosts 
on the incoming and outgoing nucleon states through the 
changes in the respective quark momenta and the Wigncr 
D-functions. Sometimes the latter are simply ignored by 
setting them to unity [2lJ . While this simplifies the calcu- 
lations considerably, the resulting form factors obtained 
in this way are no longer strictly Poincare invariant. 



B. Point-Form Spectator Model 

In the point form the kinematic subgroup is the 
Lorentz group, only the space-time translations are in- 
teraction dependent. For the actual calculations it is ad- 
vantageous to use velocity states (of the free three-quark 
system) defined by 




(18) 



4 



where the momenta fcj and pi are again connected 
through the boost relation^ = B (v) fej and the fej satisfy 

& = o. 

Since in the point form the four- velocity v = (vq,v) 
is independent of the interaction, it can be expressed 
through eigenvalues of the free or interacting momentum 
and mass operators as 



P 



V. 



M frcc M 

The completeness relation for the velocity states reads 

(I>*) 3 1 



(19) 



1=J2 I d 3 vd 3 k 2 d 3 k 3 - 



vq 2lui2lo 2 2uj 3 



(20) 

Representing the nucleon states in the velocity-state basis 



J 



allows to separate the internal motion in the following 
way 



v; h,k 2 ,k 3 ; Mi, M2, ^\V 7 M, -, S 



V2 
M 



v S 3 (v-v) ^ 



2ioi2lu 2 2uj 3 

(I>*) 3 



(21) 



which differs substantially from the separation followed in 
the instant form, Eq. (fl3|) . However, the ^m±t, f^iiMiJ 
is again the rest-frame wave function of the nucleon. The 
nucleon mass eigenstates in Eq. (|2"Tj) are normalized as 
in Eq. @ and the wave functions are normalized as in 

Eq. cm. 

The transition amplitude, Eq. of the electromag- 
netic current in point form reads 



w E E / d 3 k 2 d 3 k 3 d 3 k 2 d 3 k' 3 



,„/ , , ^fe 2rf 3g 3d 3g, d 3g / (^±^+^3) J K+^+^r 

M 2 2 3 V 2wi2w 2 2w 3 



2w' 1 2w 2 2w^ 



*; f . s . II ^5 B (O]} 

(Pl.P2'P3; cr l'°'2J a '3l ^rd.PFSM \PUP2,P3', <?!, 02, O3) -Dj iMi {-Rtf/ [A*; 5 (V)]}* M i s /i;) , (22) 



r 



and the spectator-model approximation of the current 
operator in point form (the PFSM) is defined by the ex- 
pression 

(p'vP^Pa'^i^L^l ^rd,PFSM \puP2,P3;o-i,a 2 ,a 3 ) = 
37Veiu (pi, a[) -f^u (pi, 01) 
2p 20 5 3 (p 2 - p 2 ) 2p 30 5 3 (p 3 - p 3 ) S a2 ^S a3(T ' 3 . (23) 

Here the momentum transfer to the struck quark is given 
by 



Pi 



P't 



(24) 



where q 11 ^ is uniquely determined by the overall mo- 
mentum conservation and the two spectator conditions. 
The relation between p\ and p[ is complicated, because 
the transferred momentum q to the active quark inher- 
its nontrivial interaction-dependent contributions [ill ]. 
The momentum transfers to the struck quark in IFSM, 
Eq. jnjl, and in PFSM, Eq. ([24]), ar e rather different, 
because in the instant form the kinematical subgroup in- 
cludes the three-momentum, whereas in point form it 
does not. Contrary to the IFSM, the PFSM maintains 



its spectator-model character in all reference frames. Al- 
ways, only one quark is directly coupled to the photon, 
and the PFSM current is manifestly covariant. In the 
limit of vanishing quark-quark interaction such differ- 
ences disappear and one recovers <p — > Q^. 

Formally, the above definition of Eq. (|23[) looks the 
same as for the IFSM in Eq. (fTS]) except for the appear- 
ance of an extra factor M . The factor M is needed in 
the point form in order to yield the proper proton charge 
from the electric form factor in the limit Q 2 — * and 
to recover a sum of individual-particle currents when the 
interaction is turned off [ll[ . In the works @, 0, d, @ a 
choice of Af symmetric with regard to the incoming and 
outgoing nucleon states was adopted 



W = TVs 



M 



M 



(25) 



It is important to notice that the factor M has nothing 
to do with the normalization of the nucleon states: the 
nucleon states follow the covariant normalization as in 
Eq. ^ implying, together with the normalization of the 
wave function in Eq. (|14|) , the factors explicitly written 



5 



out in Eq. (f22|) : the factor Af must be considered as part 
of the definition of the PFSM current and it is required 
to produce a consistent spectator-model operator in the 
point form. 

One should note that both Af and q effectively depend 
on all three quark variables, and therefore the PFSM 
must not be considered strictly as a one-body operator. 
It effectively includes many-body contributions [ll| . The 
factor Af can in principle be adopted in several ways. 



Later on we shall come back to this issue. 



C. Nonrelativistic Impulse Approximation 

The nonrelativistic reduction of both the IFSM and 
the PFSM leads to the same result, namely, to the non- 
relativistic impulse approximation (NRIA): 



V',M,-,S' 



id. NR. 



Miff (*iJM*) Anr (Q 2 ) *AflE 



V,M,i,s\ = 2AlJ2 J d 3 k 2 d%d 3 k' 2 d 3 k' 3 



(26) 



with 

( 1 \ 

61 { + tfflX 2 ( r' l} ] s3 (A - A) s 3 & - A) J 

(27) 

and the momenta now being connected through the re- 
lations h = pi - j^^ P and pi—p\ = Q. 

As is evident, all integration measures, normalization 
factors, and Wigner rotations have reduced to unity and 
the nonrelativistic expression for the EM current is re- 
covered. 



III. ELASTIC NUCLEON FORM FACTORS 

In this section we present the theoretical results for 
the elastic electromagnetic form factors of the nucleon 
calculated with the spectator-model currents constructed 
above. First we compare the IFSM and PFSM results 
along the GBE CQM. Then we show the influences from 
different quark-model wave functions by comparing the 
GBE CQM results with the predictions of the BCN-OGE 
CQM. We stress that these results have been obtained 
without any parameter variation. However, there reside 
ambiguities in spectator-model constructions, which are 
discussed here quantitatively in case of the PFSM. 

A. IFSM versus PFSM results 

Figs. [T] and [2] contain the direct predictions for the 
Sachs form factors obtained from the GBE CQM. Ta- 
bles U and |TT] give the corresponding magnetic moments 



TABLE I: Magnetic moments of the proton and neutron (in 
n.m.) as predicted by the GBE CQM with the the IFSM, 
PFSM, and the NRIA current operators. Experimental data 
after the PDG [H- 







GBE CQM 




Experiment 


Nucleon 


IFSM 


PFSM 


NRIA 




P 


1.24 


2.70 


2.74 


2.79 


n 


-0.79 


-1.70 


-1.82 


-1.91 



and charge radii. Immediately some striking features are 
evident. For the electric form factors of both proton and 
neutron the IFSM results are very similar to the NRIA 
and especially in case of the proton, they lie far off the 
experimental data. The PFSM predictions fall close to 
experiment 0]. For the magnetic form factors the IFSM 
and NRIA results become quite distinct, especially fol- 
lower momentum transfers. This has the consequence 
that the IFSM magnetic moments for both proton and 
neutron turn out to be unreasonable in comparison with 
experiment, while the NRIA results happen to reproduce 
them quite well (see Tabic [J). 

Evidently, the spectator-model approximations are dif- 
ferent in the instant and point forms even though they 
have the same nonrelativistic limit. The relativistic ef- 
fects stem from the Lorentz boosts. In PFSM Lorentz 
boosts belong to the kinematic subgroup while in IFSM 
they do not. Consequently the two forms introduce dif- 
ferent effective many-body contributions in the spectator 
operators. Therefore, we may interpret the differences 
between the IFSM and PFSM results as being due to 
different contributions from (effective) many-body con- 
tributions. 

It should be emphasized that we make the compari- 
son of the IFSM, PFSM, and NRIA predictions without 
any readjustment of the CQM parameters. Here, we di- 
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FIG. 1: Electric and magnetic form factors of the proton as predicted by the GBE CQM with the the IFSM (dashed line), 
PFSM (fu ll line), and the NRIA (dash-dotted line) current operators. Experimental data are from Refs. [22l. I2I. [2!. I25I l26l. l27l. 

[H, H, M SI and [H, S3, SI, Ha SI, S3, SI- 




TABLE II: Charge radii of the proton and neutron (in fm 2 ) 
as predicted by the GBE CQM with the the IFSM, PFSM, 
and the NRIA current operators. Experimental data after the 

PDG m. 







GBE CQM 




Experiment 


Nucleon 


IFSM 


PFSM 


NRIA 




P 


0.156 


0.824 


0.102 


0.766 


11 


-0.020 


-0.135 


-0.009 


-0.116 



rectly employ the nucleon wave function as produced by 
the GBE CQM, whose parameters were fitted only to 
the baryon spectra in Ref. [IS]. One could bring, for 
example, the IFSM results closer to experiment by an 
ad-hoc modification of the nucleon wave function and an 



adjustment of the constituent quark mass, as is done in 
Ref. [5j. However, this would then change also the PFSM 
and NRIA results considerably, making a consistent com- 
parison of the CQM predictions obtained with the various 
spectator-model constructions difficult if not impossible. 



B. Effects from Quark-Model Wave Functions 

Having compared the results with different spectator- 
model constructions of the EM current (in case of the 
GBE CQM), we are now interested to see the effects from 
different relativistic CQM nucleon wave functions. This 
comparison is performed along the PFSM approach. In 
addition to the GBE CQM (whose hyperfme interaction 
is flavour dependent) we have calculated the predictions 
of a different relativistic CQM with a chromomagnetic 



7 



hyperfine interaction based on OGE dynamics. In par- 
ticular, we have employed the relativistic variant of the 
BCN CQM [ig[ in the parametrization of Ref. For 
completeness we have also included the predictions by 
even another type of relativistic CQM, namely the II 
CQM by the Bonn group [H2,IHj|. These results, however, 
stem from the field-theoretic Bethe-Salpeter approach 
which is principally different from the RQM we followed. 
The current operator employed in Ref. Q has also been 
approximated by a spectator-model construction. 

In Figs [3] and Q] we compare the predictions for the 
EM form factors of proton and neutron, respectively; 
the corresponding results for the electric radii and mag- 
netic moments are quoted in Tables IIIII and IIVI One 
observes that the differences between the GBE and BCN 
CQMs are relatively small; in most cases the curves are 
even indistinguishable. Only for the electric form fac- 
tor of the neutron the discrepancies between the curves 
are clearly visible, but here one should take into account 
the expanded scale in that figure. Differences between 
the GBE and BCN CQMs are also found in the charge 
radii, whereas the magnetic moments are again very sim- 
ilar. In all instances, the PFSM predictions of the GBE 
and OGE CQMs are, nevertheless, found in remarkable 
vicinity of the experimental data, except for the electric 
radius of the neutron in case of the BCN CQM. Cer- 
tainly, the differences between the two types of CQMs 
are much smaller than the variations found above be- 
tween the IFSM and PFSM results. 

It is now interesting to compare also with the predic- 
tions of the II CQM. Surprisingly, they are very similar to 
the ones of the GBE and OGE CQMs, even though they 
have been derived in a completely different framework, 
namely along the Bcthc-Salpeter approach. Only, the re- 
sults from the II CQM tend to undershoot the proton 
electric form factor and overestimate the neutron elec- 
tric form factor but generally there is a similarity of the 
Bethe-Salpeter and PFSM results. 

On the other hand, a CQM, where only the confine- 
ment potential is present, fails in reproducing the elec- 
tromagnetic nucleon structure. In particular, it yields 
the proton form factors too small and misses the neu- 
tron electric form factor completely. The reason is that a 
certain mixed-symmetric spatial component in the neu- 
tron wave function is needed in order to produce a non- 
vanishing electric form factor. However, the neutron 
wave function produced by the confinement-only poten- 
tial comes practically without a mixed-symmetric spatial 
part. That such type of nucleon wave function cannot be 
adequate is consistent with observations made already in 
earlier works [H, HH • 

For a closer inspection of the differences in the rela- 
tivistic CQM predictions it is instructive to look through 
the magnifying glass of G^/Go and G p m /Gd ratios. 
This comparison is given in Fig. O The tiny differences 
between the PFSM predictions of the GBE and OGE 
CQMs are confirmed. The Q 2 dependence of the ratios 
is seen to be slightly distinct in the case of the II CQM. 



TABLE III: Magnetic moments of the proton and neutron (in 
n.m.) as predicted by the GBE, BCN and confinement-only 
(CONF) CQMs along the PFSM and the II CQM along the 
Bcthc-Salpeter (BS) approach. Experimental data after the 

pdg m. 







PFSM 




BS 


Experiment 


Nucleon 


GBE 


BCN 


CONF 


II 




P 


2.70 


2.74 


2.65 


2.74 


2.79 


n 


-1.70 


-1.70 


-1.73 


-1.70 


-1.91 



TABLE IV: Charge radii of the proton and neutron (in 
fm 2 ) as predicted by the GBE, BCN and confinement-only 
(CONF) CQMs along the PFSM and the II CQM along the 
Bethe-Salpeter (BS) approach. Experimental data after the 
PDG El. 







PFSM 




BS 


Experiment 


Nucleon 


GBE 


BCN 


CONF 


II 




P 


0.824 


1.029 


0.766 


0.67 


0.766 


n 


-0.135 


-0.263 


-0.009 


-0.11 


-0.116 



From the comparisons made in this subsection we con- 
clude that realistic nucleon wave functions are necessary 
in order to describe the proton as well as neutron elec- 
tromagnetic structure consistently. Such type of wave 
functions are obviously achieved in the GBE, OGE, and 
II CQMs. With respect to the nucleon electromagnetic 
structure the presence of a hyperfine interaction itself 
is found of considerable importance. Even though the 
various hyperfine interactions of the CQMs considered 
here stem from different dynamics, they obviously lead 
to similar nucleon wave functions. When the hyperfine 
interaction is left out completely (cf. the case with the 
confinement potential only), the nucleon structure can 
by no means be described in a reasonable manner. 



C. Uncertainties in the PFSM Construction 

Finally we deal with the problem that the PFSM con- 
struction has some residual ambiguity. In particular, a 
factor AT necessarily appears in the PFSM current of 
Eq. ([23]) . As already mentioned the factor AT is un- 
avoidable, if one wants the spectator model current to 
reduce to a genuine one-body operator in the limit of 
zero-momentum transfer 



111 ] . It is also required to guar- 



antee for the proper charge normalization of the proton. 

All results for the electromagnetic nucleon structure 
considered so far have been calculated with the symmet- 
ric choice for the factor M as given in Eq. (|!?5l) . However, 
this is not the only possibility. Following Ref. [ll[ one 
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FIG. 3: Electric and magnetic form factors of the proton as predicted by the GBE (full line) and BCN (dashed line) CQMs 
along the PFSM approach; in addition the results for the case with only the confinement potential (inherent in the GBE 
CQM) are given (dash-dotted line). For comparison also the predictions of the II CQM (dotted line) after Ref. |3| are shown. 
Experimental data as in Fig. [1] 




Q 2 [(GeV/c) 2 ] Q 2 [(GeV/c) 2 ] 



FIG. 4: Same as in Fig. [3] but for the neutron. Experimental data as in Fig. [2] 



could also adopt the general expression 

"™-{&) GS?) ' <28) 

where x and y are to be considered as open parameters 
varying in the range < x and < y < 1. The normal- 
ization factors so defined are all Lorentz invariant and 
all lead to a covariant PFSM current with the required 
properties. 

In the following, we examine the dependence of the 
EM form factor results on possible choices of TV, i.e. 
variations of the parameters x and y. At zero momen- 
tum transfer the factor AT depends only on x. In Fig. [5] 
we show the results for the electric proton form factor 
(Q 2 ) at Q 2 = 0, i.e. the proton charge, for varying 
x. Clearly, the only possibility consistent with the pro- 
ton charge normalization is x = 3. This result is in line 



also with the arguments given in Ref. [ll| that in the 
limit Q 2 — > the PFSM reduces to a genuine one-body 
operator only with a cubic choice for the factor AT . 

Once the parameter x is uniquely fixed, let us now ex- 
amine the possible y-dependence. In Fig. [7] we show the 
third component of the transition amplitude (|22p in the 
Breit frame as a function of y for three different momen- 
tum transfers. It is well known that in the Breit frame 
the expectation value of the third component of the cur- 
rent has to vanish under the constraint of time-reversal 
invariance (56l.[57j. From the results in Fig. [7] it is imme- 
diately seen that there is a unique value of y where the 
third component of the transition amplitude vanishes for 
all values of Q 2 . Consequently, y — \ has to be chosen 
in Eq. (|28[) in order to satisfy time-reversal invariance. 
This motivates the symmetric choice in Eq. (|2~51) . 

However, we may even find another choice for the fac- 
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FIG. 5: Same comparison as in Figs. [3] and [4] for the ratios of magnetic to dipole form factors of the proton (left panel) and 
the neutron (right panel). All ratios are normalized to 1 at Q 2 = 0. 




tor Af that meets all requirements posed, including time- 
reversal invariance. A valid construction would also be 



FIG. 6: Electric proton form factor G P E at momentum transfer 
Q 2 — (i.e. proton charge) as a function of the exponent 
parameter x in the PFSM factor Af of Eq. I|'28|l. calculated 
with the GBE CQM [3. 
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(29) 



with an open parameter z varying in the range < z < 
1. This expression produces the symmetric choice of 
Eq. ([25]) for the special value z — \. 

Another form is obtained by choosing z = (or equiv- 
alently z = 1), leading to 



M 

E^ 



M 

E^ 



(30) 



which can be viewed as the arithmetic mean of two pieces 



relating to the ratios of the interacting and free masses 
in the incoming and outgoing nucleon states. 

Evidently, all of the allowed forms of Af, according to 
Eqs. P5|) and (f!?9"l) , lead to the same nonrelativistic limit, 
which consists in the NRIA. 

In summary we note that under the given premises 
there remains a certain ambiguity in the PFSM construc- 
tion related to the factor Af. Let us thus examine the 
variations in the predictions for EM form factors result- 
ing from different possible choices of Af. In Fig.[5]we show 
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FIG. 7: Third component of the transition amplitude 
Ff i (Q 2 ) m the Breit frame as a function of the exponent 

2 ' 2 

parameter y in the PFSM factor M of Eq. l[2B)l for three dif- 
ferent values of the momentum transfer Q 2 , calculated with 
the GBE CQM QJ]. 



the ratios of neutron and proton magnetic form factors 
to the standard dipole form factors as obtained in the 
PFSM with three particular choices of M\ the solid line 
is the Ms result and the dashed line represents the results 
with TVari. Fig. [5] contains the same comparisons for the 
proton electric to magnetic as well as electric to dipole 
form factor ratios. The band of variations in the pre- 
dictions is limited by the cases with A/" ar i and Afs- The 
uncertainty bands are anyway rather narrow since one 
must take into account that these ratios are extremely 
sensitive to small differences. For comparison we have 
added in Figs. [5] and [5] also the results obtained in IFSM 
(dashed-double-dotted lines). 

Different choices of N ' (z) in Eq. imply distinct 
Q 2 -dependences in the form factors. One may ask which 
particular value of z is favoured by phenomenology. We 
have thus performed a simple one-parameter fit of M (z) 
to the experimental data of the ratios G^/Gd and 
G p m /Gd at a single intermediate momentum transfer of 
Q 2 = 3 GeV 2 . It leads to z = | and produces the results 
represented by the dash-dotted lines in Fig. [H They lie 
everywhere in between the upper and lower bounds ob- 
tained with A/"ari and TV's , respectively. 

Evidently at Q 2 — the spread from different forms of 
Af vanishes. It grows towards higher momentum trans- 
fers. However, the ambiguity band remains relatively 
small up to Q 2 w 3 — 4 GeV 2 . Regarding the proton 
form factor ratio in Fig. [8j the theoretical uncertainties 
are larger than the experimental ones and this represents 
a significant limitation. In addition, one must observe 
that the results with As tend to be lower than the ex- 
perimental data, at least beyond a momentum transfer of 
Q 2 w lGeV 2 . However, this curve should not be consid- 
ered as the most favourable PFSM prediction but merely 
a lower limit of possible results due to an intrinsic the- 



oretical uncertainty. A similar situation replicates also 
for the ratio of the neutron magnetic to dipole form fac- 
tors in the right panel of Fig. [8j although in this case the 
experimental uncertainties are larger than for the proton. 

The ratios involving the electric proton form factors are 
given in Fig. [5J In case of the proton electric to dipole 
from factor ratio the theoretical uncertainty band from 
the PFSM calculations essentially covers the experimen- 
tal data with their errors. In particular the PFSM result 
produced with A/gt, where the z = | was adjusted only to 
the proton and neutron magnetic form factors, is found 
in remarkable consistency with the general trend of the 
experimental data. The IFSM calculation is not in the 
position to produce the right Q 2 -dependence, and it is 
far off the established phenomenology. In the right panel 
of Fig. [9] the ratio of the proton electric to magnetic form 
factors is shown. It has become directly accessible by ex- 
periment through polarization measurements (depicted 
by the filled blue and magenta symbols) and this has 
lead to a conflict with earlier cross section data (marked 
by the open black symbols); more recently cross-section 
measurements have produced the data marked by the 
open green symbols. It is interesting to observe that the 
PFSM predictions tend to follow the downbending of the 
ratio with increasing momentum transfer. The A/"s results 
agree with the polarization data, the curve with A/fit hits 
the latest measurement reported in Ref. [58| (shown by 
the magenta star in the right panel of Fig. [5]). The theo- 
retical uncertainty band, however, remains rather narrow 
and is in any case smaller than the spread from the var- 
ious experimental data. 



IV. SUMMARY AND CONCLUSION 

We have studied the spectator-model constructions of 
the electromagnetic current operator in the instant and 
point forms of relativistic quantum mechanics. In par- 
ticular we have specified the IFSM and PFSM current 
operators and have derived their common nonrelativis- 
tic limit, the usual NRIA. We have calculated the direct 
predictions of the GBE CQM for the elastic nucleon EM 
form factors, including the electric radii and magnetic 
moments. The PFSM results are found close to experi- 
mental data in all instances, while the IFSM and NRIA 
results deviate grossly. 

Furthermore, we have investigated the dependences of 
the form-factor results on nucleon wave functions from 
different relativistic CQMs. The predictions of the GBE 
CQM in PFSM have been contrasted to analogous re- 
sults calculated with the relativistic BCN CQM. The two 
CQMs rely on hyperfine interactions from rather distinct 
dynamical concepts (flavour dependent Goldstone-boson 
exchange and color-magnetic interactions, respectively). 
Nevertheless, only minor variations are found in all pre- 
dictions for elastic nucleon form factors (as well as electric 
radii and magnetic moments). In addition we have pro- 
vided a comparison with the predictions of the II CQM, 
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FIG. 8: Ratios of magnetic form factor to standard dipole paramterization for the proton (left) and neutron (right) with 
different PFSM currents in case of the GBE CQM. The full lines denote the results with A/s from the previous subsections, the 
dashed lines with A/kri from Eq. (|30f) . and the dash-dotted lines with A/fit, see the text. For comparison also the IFSM results 
are shown (dash-double-dotted lines). All ratios are normalized to 1 at Q 2 = 0. 




FIG. 9: Same comparison as in Fig. [8]but for the electric to dipole as well as proton electric to magnetic form factor ratios. 
Experimental data from Refs. [32l. I33ll3il l35l . l3tj |37|. |38|. IBH 1591. loCl loll, [62, 63]. For a better discrimination of the experimental 
data the values extracted with the Rosenbluth separation method are marked by open black and green symbols whereas the 
direct measurements of the electric to magnetic form-factor ratio (in the right panel) are depicted by the filled blue and magenta 
symbols. 



derived within a completely different approach along the 
Bethe-Salpeter formalism. Still, the II CQM leads to re- 
sults that are quite similar to the PFSM ones, in spite 
of the completely different frameworks. Instead, if one 
leaves out the hyperfme interaction completely, one ob- 
tains an unrealistic description that leads specifically to 
an almost vanishing electric form factor of the neutron. 

In addition we have addressed a theoretical uncer- 
tainty that resides in the construction of the PFSM 
current. It concerns the choice of a factor Af in the 
PFSM construction that is unavoidable and cannot be 
constrained uniquely by Poincare invariance alone. Sup- 
plementary conditions such as charge normalization and 
time-reversal invariance can be imposed. Nevertheless, 



there remains a residual indetermination in the factor Af. 
We demonstrated the band of variations of the PFSM 
results due to different possible choices for Af. It typ- 
ically covers the spread of experimental data with the 
upper bound represented by A/" ar i and the lower one by 
Afs- The magnitudes of the variations between results 
with different factors of Af, however, are generally larger 
than differences due to nucleon wave functions from al- 
ternative quark models. 

At present there is a vivid discussion of some details of 
the proton electromagnetic structure revealed by exper- 
iment through the G P E /G P M ratio as depicted in Fig. [9] 
Specifically one has become aware of a striking discrep- 
ancy between earlier data extracted by the Rosenbluth 
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separation method [12, HH, [H| and more recent data 
measured in polarization experiments [6(| HH, [12, l63| - 
The problem has recently been investigated experimen- 
tally by additional measurements at the Jefferson Lab- 
oratory using the Rosenbluth technique [371 [38J. Ac- 
cording to Ref. [64] the inclusion of Coulomb distortions 
in the Rosenbluth method has a non- negligible effect, 
but cannot account for the whole discrepancy. It also 
has been suggested that the effect of two-photon con- 
tributions could have an impact [65|, [6(|, particularly 
in the Rosenbluth separation. Obviously, the experi- 
mental situation is still a matter of discussion (see also 
Refs. [H, [6?], HI]). On the theoretical side, the major 
efforts to resolve the discrepancies take into account two- 
photon corrections [H, [7(1 [lH, III, Izil and additional A 
contributions (74J. For an updated discussion on this is- 
sue see, e.g., Ref. [75j . 

Our present study tells that the IFSM calculation is 
not in the position to reproduce the G P E /G P M data from 
neither the Rosenbluth separation nor from the polariza- 
tion measurements. The corresponding momentum de- 
pendence is contrary to both. On the other hand, one 
might be tempted to conclude that the usual PFSM cal- 
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